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Weak magnetic field enhances the activation of
peroxymonosulfate by ZnO@FezO,F
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The effect of weak magnetic field (WMF) on Acid Orange 7 (AO7) removal by ZnO@FezO,/
peroxymonosulphate (PMS) was investigated. The results showed that the AO7 sequestration rate
enhanced progressively to 0.14183 min~! in the presence of WMF, approximately 3 times the
0.04966 min~! in the absence of WMF. SO, 7/SOs~ and O,'~ radicals were generated from the
decomposition of PMS catalyzed by ZnO@FesO,4 causing the degradation of AO7. In addition, a weak

magnetic field promoted the production of O,"~ radicals and transition of Fe®* to Fe?*. Radical-pair
theory was used in this study to describe the role of WMF and a possible reaction mechanism was

derived. Based on that, the influence of magnetic field flux intensity, pH and the reusability of
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1. Introduction

Nowadays, water scarcity is gradually increasing as a worldwide
problem due to accelerating population growth and environ-
mental pollution.! Thus, efficient and cost-effective techniques
for wastewater treatment have attracted a significant attention
due to the increasing problem of water pollution. Heteroge-
neous catalysis, as an essential part of Advanced Oxidation
Processes (AOPs), plays an important role in addressing the
issue of water pollution. The principal mechanism of the
heterogeneous catalysis function is the generation of highly
reactive radicals.” Consequently, a combination of heteroge-
neous catalysis and other technologies like magnetic field,
electric field and ultrasonication can expectedly enhance
radical generation, which eventually leads to higher oxidation
rates.’?

Among them, the applied magnetic field is an efficient and
effective method, and it has gradually received considerable
critical attention. Most of the correlational research comes to
a conclusion that a weak magnetic field (WMF) enhanced the
degradation of pollutants, compared with the simple catalytic
system.®’ In addition, several theories on the role of magnetic
field have been proposed. For example, in the system of Guan's
research, the primary role of WMF in the process of contami-
nants removal by zero-valent iron (ZVI) was to enhance mass
transfer and to promote ZVI corrosion.® Moreover, Some other
studies showed that the effect of magnetic fields on radicals was
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ZnO@FezO,4 were investigated in this paper.

the reason for the acceleration of reactions, which could be
explained by the radical-pair theory.” However, researches on
the magnetic field to enhance the degradation of pollutants in
water have been mostly restricted to ZVI and photocatalytic
system.'*** To date, few attempts has been made to investigate
the role of WMF in peroxymonosulphate (PMS) system.

Researches have shown that PMS can be effectively activated
by many magnetic catalysts.”**® Among them, ZnO@Fe;0, is
a much attractive material for the disinfection of water due to its
high chemical stability and it exhibits strong catalytic efficiency
and high adsorption capability. In addition, ZnO@Fe;0, having
optimal magnetic properties and essential surface functionality
are most promising materials to resolve various environmental
problems due to their easy and rapid separation from solution
via magnetic field."”'®* More importantly, the catalytic activity of
ZnO@Fe;0, could be influenced by the magnetic field because
of its magnetic properties.” Based on that, ZnO@Fe;0, may
show a higher activation of PMS in the presence of WMF.

To sum up, the specific objective of this study was focused on
the influence of weak magnetic field on the oxidation and
degradation of Acid Orange 7 (AO7) by ZnO@Fe;0,/PMS system.
This paper attempted to establish the mechanism model of the
reaction and to explain the role of WMF in this system. So the
main issues addressed in this paper are: (a) the effect of WMF in
ZnO@Fe;0,/PMS system, (b) the possible reaction mechanism
and the role of WMF and, (c) some other influence factors.

2. Experimental section
2.1. Materials

Zinc acetate dihydrate (=98%), ferrous chloride tetrahydrate
(=99%), ferric chloride hexahydrate (ACS reagent, 97%) and
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ammonia solution (25% NH; in H,0) were procured from
Chengdu Kelong Chemical Reagent Co., Ltd. (China). AO7,
PMS, furfuryl alcohol, ¢butyl alcohol, methanol and benzo-
quinone were procured from Sigma-Aldrich Co. LLC. (USA).
Deionized water was used in all experiments.

2.2. Preparation of ZnO@Fe;0,

A stock solution of Zn(Ac), was prepared by dissolving
Zn(Ac),-2H,0 into deionized water. Ammonia was slowly added
to the Zn(Ac), solution until it is clear. Then a stock solution of
FeCl, and FeCl; was prepared in deionized water. The two
solutions were added to the above Zn(Ac), solution with rapid
stirring. After that, the mixture was stirred for a while and then
transferred to a hydrothermal reactor. After reaction, on cooling
to room temperature, the precipitate was separated centrifu-
gally, washed with twice-distilled water and absolute ethanol,
and then dried. Finally, it was calcined in a muffle furnace and
then ZnO@Fe;0, was synthesized.

2.3. Batch experiments and catalyst characterization

Batch experiments were carried out to investigate the feasibility
of AO7 removal by ZnO@Fe;0, in the presence of WMF. Several
pieces of neodymium-iron-boron permanent magnets (the
maximum magnetic field intensity of each one was 10 mT) were
employed to offer magnetic field. The axis line of the reactor (a
250 mL beaker) and the center of the magnetic field coincided.
This magnetic field was weak and would be referred as weak
magnetic field (WMF) hereafter. Unless otherwise specified, two
magnets were used at the same time in the experiments.

The influence of magnetic field intensity was investigated by
fixing pH at 6.0 while varying the magnetic field intensity from
about 10 mT to 40 mT (by changing the number of magnets
from one to four). Batch reduction tests were conducted by
dosing 0.10 g ZnO@Fe;O, to 200 mL solution containing
7 mg L' AO7 to investigate the effect of pH. The pH was varied
from 2.0 to 10.0 for different tests. 0.1 mmol L™" of inhibitors
was used in the radicals inhibition experiment and corre-
sponding radicals can be sufficiently inhibited.>*** If it was not
otherwise specified, the experiments were carried out open to
the air. Since ZnO@Fe;0, is ferromagnetic, the presence of
WMF can induce the aggregation of ZnO@Fe;0,4, which may
subsequently affect AO7 removal by ZnO@Fe;0,. So the solu-
tion was mixed at 300 rpm using a mechanical stirrer (D2004W,
Shanghai Sile Instrument Co., Ltd). The AO7 concentration
remained in solution was determined by measuring the absor-
bance of the solution at 484 nm on a Cary 50 UV-vis spectro-
photometer (Varian, USA). The concentrations of iron and zinc
leached into reaction solutions were monitored by spectro-
photometry and atomic absorption spectroscopy (AAS, Analyst
300, P. E. Inc.). All batch experiments lasted for 30 min. The
experimental device was constructed as shown in Scheme S1.7

After batch tests, ZnO@Fe;0, were collected by magnetic
separation, washed with deionized water and vacuum dried at
50 °C for 1 h. Such a pre-treatment could not change the particle
size and crystalline structure of ZnO@Fe;O, samples. The
crystalline structure of various samples was analysed using
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powder X-ray diffraction (XRD). The spectra were obtained on
a Bruker D8-Advance X-ray diffractometer with Cu Ka radiation
(A= 1.5418 A), with accelerating voltage and current of 40 kv and
40 mA, respectively. Scanning electron microscopy (SEM),
performed on a FEI Inspect F50, was used to evaluate the
morphology, size and textural information of the samples. The
surface chemical compositions of ZnO@Fe;0, were identified by
X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi, Ther-
moFisher Scientific) using the Mg Ka line (7t = 1253.6 eV) as an
excitation source. The pressure in the XPS analysis chamber was
maintained at 109 mbar. The binding energies of all peaks were
referenced to the C (1s) line (285.0 eV). After Shirley background
subtraction, the spectra were analyzed by the XPSPeak 4.1
Program. The magnetic hysteresis loop measurement for the
pristine ZnO@Fe;0, was carried out using a vibrating sample
magnetometer (VSM; Lake Shore 735, Lake Shore Cryotronics,
Westerville, OH).

3. Results and discussion

3.1. Influence of WMF on AO7 removal by ZnO@Fe;0,/PMS
system

The WMF effect on AO7 removal by ZnO@Fe;0, was investigated
at pH 6.0, as shown in Fig. 1. In control experiments, almost no
disappearance of AO7 was observed when only PMS was added
into the solution of AO7 both in the presence and absence of
WMF (Fig. S1t). However, as shown in Fig. 1, the ZnO@Fe;0,
without PMS removed 10% of AO7 within 30 min, which stemed
from the adsorption of the catalyst. Furthermore, the degrada-
tion rate was not promoted by WMF, which could indicate that
the magnetic field did not affect the adsorption of the catalyst.

After adding PMS, the ZnO@Fe;0, removed 80% of AO7
within 30 min. The results indicated that ZnO@Fe;0, may
activate the PMS to remove organic pollutants. Turning now to
the experimental in the presence of WMF, the ZnO@Fe;0,
exhibited much higher catalytic activity and removed 95% of
AO7 within 30 min. Moreover, it removed more than 80% within
only 12 min, which is a 30% improvement over the absence of
WMF. Thus, the necessary reaction time to achieve complete
AO7 removal could be greatly shortened by introducing WMF.

The kinetics of AO7 elimination with or without WMF could
be well simulated with pseudo-first-order rate law (eqn (1))

d[AO7]
dr

= —kops|AOT] (1)

where k,ps is the pseudo-first-order rate constant (min’i) of AO7
removal by ZnO@Fe;0,/PMS system. The AO7 sequestration
rate was enhanced progressively to 0.14183 min ' with WMF,
approximately 3 times of 0.04966 min " in the absence of WMF.
It indicated the degradation rate of AO7 was significantly
increased with WMF. Hence, WMF have played a vital role in
activating PMS and removing AO7.

3.2. Influence of radical inhibitors on AO7 removal by
ZnO@Fe;0,/PMS system

To speculate the role of WMF in this system, it is necessary to
identify the nature of radicals generated from the
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Fig. 1 WMF accelerated AO7 removal by ZnO@FesO4/PMS system. Reaction conditions: [PMS]o = 5 x 107 M or 0 M, [AO7]g = 0.02 mM,
[ZnO@Fez04lo = 0.5 g L% pH = 6.0. C and Co are AO7 concentration at time t and initial.

decomposition of PMS catalyzed by ZnO@Fe;0, and compare
the radical production under the condition of WMF. According
to relevant research,” OH", SO," /SOs"~ and O,’~ radicals may
exist in the system. Hence, both in the presence and absence of
WMF, different radical inhibitors were added to the system of
ZnO@Fe;0,/PMS.

When excess furfuryl alcohol was added to act as inhibitors of
various radicals, the AO7 degradation was greatly suppressed and
only about 10% of AO7 was removed within 30 min both in the
presence and absence of WMF (Fig. 2a). It was roughly consistent
with AO7 degradation by the adsorption of the catalyst which
further illustrated that the degradation of AO7 mainly came from
the oxidation of radicals. Besides, the AO7 degradation rate was
almost the same with WMF. This was consistent with the above
result that the adsorption of the ZnO@Fe;0, was not affected by
the magnetic field.

As shown in Fig. 2b, the addition of excess t-butyl alcohol as
a well-known OH’ radical scavenger, has little affect on the AO7
degradation. Both in the presence and absence of WMF, the
degradation rates of AO7 were almost the same whether or not ¢-
butyl alcohol added (compared with Fig. 1). Therefore, there was
almost no OH’ radical in this system. Even with WMF, the
generation of OH" radical has not been promoted. In the control
experiments, AO7 was hardly degraded by ZnO®@Fe;0,/H,0,
system (Fig. S21), which suggested that ZnO@Fe;0, did not have
the ability to activate peroxy species to produce OH" radicals.

In the absence of WMF, when excess of methanol was added
to act as the SO," /SOs"~ radicals scavenger, the AO7 degrada-
tion was suppressed by about 30% (Fig. 2¢). Surprisingly, in the
presence of WMF, the degradation rate of AO7 was different. As
shown in Fig. 2¢, the AO7 degradation was also suppressed by
methanol in the presence of WMF, which showed the presence

17464 | RSC Adv., 2018, 8, 17462-17470

of SO,"/SO5" " radicals in the system. However, comparing with
no WMF system, the removal rate of AO7 was increased. It is
speculate that other radicals may play an important role and be
affected by WMF. According to related research,” O, radicals
may exist in this system. And when excess of benzoquinone was
added to act as the O, radicals scavenger, the AO7 degrada-
tion was suppressed by about 60% and the degradation rate was
almost the same in the presence of WMF (Fig. 2d). These
evidences demonstrates that both SO," /SO5"~ and O, radi-
cals were formed in the ZnO@Fe;0, -participating catalytic
reaction, but O, radicals exhibited a stronger effect than
SO,"7/SOs5"~ radicals in the AO7 degradation by PMS catalyzed
by ZnO@Fe;0,. In addition, the results illustrated that the
WMF did not affect the SO, /SOs'~ radicals but the O, "
radicals in ZnO@Fe;0,/PMS system. The production rate of
O,"" radicals increased in the presence of WMF thereby
enhancing the AO7 degradation in ZnO@Fe;0,/PMS system.
Since O, radicals were important in this system, it was
necessary to check the origin of O, radicals. Hence, contin-
uous N, purging was carry out to explore the role of O, on the
generation of O, radicals. As shown in Fig. S3,1 in the absence
of dissolved oxygen, the AO7 degradation reduced only 6% in
the absence of WMF and 7% in the presence of WMF, compared
to experiments in open air (Fig. 1). It suggested that although O,
did play a role in the system, it was not a significant factor.
Hence, it can be speculated that most of O,"" radicals was
generated by the reaction of ZnO@Fe;0, with PMS.

3.3. Reaction mechanism of ZnO@Fe;0,/PMS system and
the roles of WMF

In order to further reveal the reaction mechanism, it is neces-
sary to figure out how the radicals produced and how the WMF

This journal is © The Royal Society of Chemistry 2018
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Fig.2 The influence of radical inhibitors on the AO7 removal by ZnO@Fez04/PMS system. Reaction conditions: [PMS]g = 5 x 10™% M, [AO7]o =

0.02 mM, [ZnO@FesO4lo = 0.5g L%, pH = 6.0.

acted on the radicals. And the generation of radicals is closely
related to the surface properties of the catalyst in heterogeneous
catalytic reactions.>® Therefore, XRD and SEM were used to
analyze the characteristics of catalyst. X-ray powder diffraction
was used to identify the components of three samples as shown
in Fig. 3. The observed diffraction peaks at 260 = 30.0°, 35.4°,
43.0°, 53.4°, 56.9° and 62.5° correspond to the (220), (311),
(400), (422), (511) and (440) planes of Fe;0, (JCPDS no. 19-
0629).>° And it showed diffraction peaks at 26 = 31.7°, 34.4°,
36.2°, 47.5°, 56.5°and 62.8°, which correspond to the (100),
(002), (101), (102), (110) and (103) Miller indices assigned to
ZnO hexagonal wurtzite lattice (JCPDS, 36-1451).*° By
comparing and analyzing the XRD patterns of the three
samples, the proportion of the components of the three
samples was obtained, shown as Table 1. The content of ZnO
decreased in the sample after use, since ZnO reacted with the
PMS causing Zn*" to dissolve.?* And Table 1 also indicated that
the reaction was hardly affected by WMF (comparing with the
sample 1 and sample 2). Fig. 3 also gives the SEM image of the
three samples. The surface of ZnO@Fe;0, was not corrosion
after catalytic experimentation and even with WMF. We then
demonstrated that the catalytic reduction of PMS was induced
predominately by the heterogeneous catalysis on the surface of

This journal is © The Royal Society of Chemistry 2018

ZnO@Fe;0,, because the iron concentration leaching into the
solutions was very low (less than 0.015 mg L") both in the
presence and absence of WMF, which could not yield a marked
activation of PMS.” And the zinc concentration leaching into
the solutions was about 5.8 mg L', which came from the

¢ Fez0,
® ZnO r

Sample 0

Sample 1

Intensity(a.u.)

ok
20 30 40 50 60

2Theta (degree)

80

Fig.3 XRD patterns and SEM images of ZnO@FezO,4: Sample 0, before
used; Sample 1, after catalytic experimentation without WMF; Sample
2, after catalytic experimentation with WMF.
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Table 1 The components of the three samples analyzed by XRD
patterns

Fe;0, ZnO
Sample 0 57.76% 42.24%
Sample 1 63.30% 36.70%
Sample 2 63.63% 36.37%

reaction between ZnO and PMS.** This reaction might be
a small amount which would hardly cause corrosion of the
catalyst. And in the control experiments, 5.8 mg 1~ Zn** could
not activate the PMS (Fig. S41). In addition, the concentrations
of iron and zinc leaching into reaction solutions did not change
in the presence of WMF. The same conclusion was drawn with
the catalyst characterization. This is different from the report of
Ren et al, which concluded that the corrosion of the ZVI
increased with WMF." However, this study found that the
catalytic activity of ZnO@Fe;0, was improved by the magnetic
field but the corrosion of it did not increase, which could reduce
the secondary pollution caused by the dissolution of the
catalyst.

In order to analyze the effect of WMF on the catalyst, XPS was
used for the analysis of the proportion of Fe** and Fe>* in the
catalyst. As shown in Fig. 4 and Table 2, the proportion of Fe**
in the catalyst was increased and Fe®" was reduced after the
experiment without WMF. Nevertheless, in the presence of
WMF, the proportion of Fe** and Fe®” in the catalyst was almost

View Article Online
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the same as the freshly-made catalyst, which showed that WMF
promoted the transition and cycle of Fe’* and Fe®* on catalyst
surface. Further analysis showed that surface reactions between
PMS and Fe’" may make a large contribution to the PMS-
activating ability of ZnO@Fe;0, in the presence of WMF.
Combined with the analysis of the radicals, presumably, O, ™
radicals might originate from the reaction of Fe** and PMS,
which was promoted in the presence of WMF.

Based on the above discussions and other related researches,
the likely catalytic mechanism for the activation of PMS by
ZnO@Fe;0, and the role of WMF is proposed in Scheme 1. PMS
molecules might be adsorbed on the surface of ZnO@Fe;0, and
then activated by the bound Fe®" and Fe’" to generate SO,/
SO5"~ and O," ™ radicals. At the same time, WMF contributed to
the transition of Fe** and Fe*".?** In addition, ZnO partially
reacted with PMS to produce SO,  /SOs"~ radicals,* which
could cause ZnO to dissolve, but as mentioned previously, it
could not be affected by the magnetic field. Besides, most of the
ZnO remains in the catalyst. Because of the high oxidizing
ability of radicals, the generated SO," /SOs"~ and O, radicals
initiate the subsequent degradation of AO7. The role of WMF
could be explained by the radical-pair theory of magneto
chemistry.”**** The radical pair may be classified as a singlet or
as a triplet radical pair according to a vector model. In a reaction
system, triplet-singlet (T-S) intersystem crossing involves
conversion of T,, T_, or T, to S. Moreover, the rate of T-S
intersystem crossing in an indirect fashion depends on the
magnetic field strength, since an external field caused T, and T_

Fe2p,,

without WMF

Intensity(a.u.)

Fe2p,,

with WMF

sample 0
728 724 720 716 712 708 704
Binding Energy (eV)
Fe2,
T Fe** Fe2p,,
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Intensity(a.u.)

sample 2
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Binding Energy (eV)
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Binding Energy (eV)
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Fig. 4 XPS spectra of ZnO@FezO4: Sample 1, after catalytic experimentation without WMF; Sample 2, after catalytic experimentation with WMF.
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Table 2 The proportion of Fe>" and Fe?* in the catalyst analyzed by
XPS spectra: Sample 1, after catalytic experimentation without WMF;
Sample 2, after catalytic experimentation with WMF

Fe3+ Fe2+
Sample 0 16.24% 83.76%
Sample 1 38.46% 61.54%
Sample 2 18.05% 81.95%

to split in energy from S. As a result, conversion of T, and T_ to S
was slowed down with magnetic field, which increased the
reaction between radicals and AO7. Hence, the production rate
of radicals was increased since the consumption of radicals has
been promoted. And it was the way that WMF promoted the
reaction. Moreover, at the same time, the faster consumption of
radicals also promoted the reaction of Fe** and PMS. Conse-
quently, the transition of Fe** to Fe*" was promoted by WMF
which may improve the recycling capacity of the catalyst.

3.4. Influence of magnetic field intensity on AO7 removal by
ZnO@Fe;0,/PMS system

The intensity of magnetic field is an important factor in the
applied magnetic field, which would ultimately affect the
removal effect of AO7. Therefore, the feasibility of AO7 removal
by ZnO@Fe;0, under different magnetic field intensity was
investigated and shown in Fig. 5a. According to the magnetic
field intensity from about 10 mT to 40 mT, the experimental
conditions were divided into WMF1 to WMF4. With WMF of
different intensities, the degradation rate of AO7 was all
increased. The ZnO@Fe;0, with PMS exhibited a higher cata-
lytic activity when the magnetic field intensity was about 20 mT
and removed about 95% of the added AO7 within 30 min. As the
intensity of the applied magnetic field increased gradually, the
auxiliary function of the WMF was also observed, but the
enhancement effect gradually decreased. And it removed about

View Article Online
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85% of the added AO7 within 30 min with the magnetic field of
40 mT, only about 5 percent higher than in the absence of WMF.
The effect of WMF was similar when the magnetic field intensity
was about 10 mT and 30 mT. As shown as Fig. 5b, The AO7
sequestration rate constant enhanced from 0.04966 to
0.14183 min " with increasing the magnetic field flux intensity
from 0 to 20 mT. Although the rates of AO7 removal by
ZnO@Fe;0,/PMS progressively decreased to 0.08797 and
0.07059 min ", respectively, by increasing the flux intensity of
magnetic field to 30 and 40 mT, they were larger than that by
ZnO@Fe;0,/PMS without WMF. To provide a generalized basis
for the comparison among different magnetic field intensity,
the ratio (Rwwmr) of kinetic constants measured with and without
the WMF was calculated, according to eqn (2).

i vtk @)

RWMF =
kwithout WMF

Explained by the radical-pair theory, the rate of T-S inter-
system crossing related to the magnetic field strength.*> When
the conversion is sufficiently inhibited, the role of magnetic
field reaches saturation. Then the production rate of radicals
would not increase with strong magnetic field. In addition,
since ZnO@Fe;0, is ferromagnetic, it might agglomerate in
water. Hence the number of catalyst surface active point might
reduce with a strong magnetic field, reducing the removal rate
of AO7.

3.5. Influence of WMF on AO7 removal by ZnO@Fe;0,/PMS
system at different pHs

In addition to the intensity of the applied magnetic field, the pH
levels were also an external influence factor. The WMF effect on
AO7 removal by ZnO@Fe;0, at different pH was investigated
over the pH range of 2.0-10.0 to know the WMF effects at
different pH levels. Fig. 6 shows the WMF effects on AO7

Scheme 1 A mechanism for WMF enhancing the activation of PMS on ZnO@FezO, in the degradation of organic pollutants.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5

(a) Influence of WMF on AO7 removal by ZnO@FezO,4/PMS system at different magnetic field intensity vary from 10 mT to 40 mT. (b) The

pseudo-first-order rate constants of AO7 removal by ZnO@Fez04/PMS system and Rwmr as a function of the MF flux intensity. Reaction

conditions: [PMS]g = 5 x 10~* M, [AO7]g = 0.02 mM, [ZnO@Fez0u4lo =

removal by ZnO@Fe;0, at various pH levels. In the absence of
WMF, the AO7 removal rate increased with increasing pH from
2.0 to 8.0 but declined with a further elevation in pH. And the
removal rates were very similar at pH 6.0 and 8.0. After the
application of WMF, the AO7 removal rates were increased
considerably over the pH range of 2.0-6.0 and declined with
a further elevation in pH. The results showed that the effect of
WMF related to the pH levels of the solution. This might be due
to the fact that pH affected the properties and yield of radicals.
In the solution with a high pH, SO," ™ radicals reacted with OH™
to form OH" radicals.** However OH" radicals would consume
0O, radicals,®* which could slow the catalytic reaction. It is
worth noting that this process was limited by yield of SO, ™
radicals so the reaction rate would not be greatly reduced. Since
the consumption of O, radicals, the promotion of WMF was
reduced. In addition, there was an unexpected outcome at pH

05gL7% pH =6..

2.0. This might be related to the zeta potential and electrostatic
adsorption of the catalyst surface. Therefore, thezZeta potential
of the catalyst was analyzed. The zeta potential of ZnO@Fe;0, at
pH 2 is +10.13, much greater than +2.88 at pH 4. Since AO7 is
a negative dye, the positive charge on the surface of the catalyst
will interact with AO7. It can be inferred that electrostatic
adsorption of the catalyst at pH 2 leaded to rapid removal of
AO7 in the first few minutes. However, in strong acidic condi-
tions, the activation of PMS by ZnO@Fe;0, was reduced so the
degradation rate of AO7 became very slow since then. Besides, it
could be seen that WMF had little effect on the electrostatic
adsorption of ZnO@Fe;0,.

3.6. Magnetic properties and reusability of ZnO@Fe;0,

Since the influence of WMF is related to the magnetism of the
catalyst, the magnetic properties of the film and the hysteresis
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x 107* M, [AO7]p = 0.02 mM, [ZnO@FeszO4lo = 0.5g L%
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Influence of WMF on AO7 removal by ZnO@FezO,4/PMS system at different pH levels vary from 2.0-10.0. Reaction conditions: [PMS]p =5
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Fig. 7 (a) VSM curves of ZnO@Fez0O,4 (b) image of ZnO@FezO, dispersed in pure water (c) image of ZnO@FezO,4 external magnet.
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Fig. 8 Influence of WMF on AO7 removal in four consecutive cycles of ZnO@FezO4. Reaction conditions: [PMS]g = 5 x 10™% M, [AO7], =

10 mg L%, [ZnO@Fez04p = 05g L%

loop of ZnO@Fe;0, was investigated, as shown in Fig. 7a. The
magnetization was about 6 emu g~ ! when the external magnetic
field reached 20 mT. In this case, the removal rate of AO7 was
the highest in our research. The magnetization might be the key
to the effect of the catalyst.

As the reusability of the catalyst is an important parameter of
the degradation process, the repetitive use of ZnO@Fe;0, was
investigated in this study. A suspension of ZnO@F.;0, in pure
water is shown in Fig. 7b. When a magnet was applied to the
suspension, the magnetic catalyst immediately accumulated to
the side of the centrifuge tube near the magnet, leaving the
solution colourless (Fig. 7c), and demonstrating a good
magnetically separating property.

AO7 degradation with recycled ZnO@Fe;0, was investigated
under the same conditions used for the freshly-made catalyst
(Fig. 8). After four cycles, about 87% of the added AO7 was
removed with WMF. And it still increased AO7 degradation by
13% within 30 min. The results showed the high reusability and
stability of the catalyst and the effect of WMF on the recycled
catalyst. And the reason for the slight decrease in degradation

This journal is © The Royal Society of Chemistry 2018

rate might be the reaction between ZnO and PMS, but it was
a just small amount so the ZnO@Fe;0, can maintain a high
catalytic activity after repeated use.

4. Conclusions

The results of this study revealed the enhancing effect of WMF
on AO7 removal by ZnO@Fe;0,/PMS system, which was of
practical and fundamental importance to the environmental
decontamination by the system. Furthermore, the corrosion of
the catalyst did not increase with WMF which showed the
catalytic reaction was induced predominately by the heteroge-
neous catalysis on the surface of ZnO@Fe;0,4. Besides, the
results revealed that both SO, /SO5"~ and O, radicals are
involved in the catalytic reactions, but the O, radicals are the
mainly radicals affected by WMF. The production rate of O, ™
radicals increased in the presence of WMF. In addition, the
faster production and consumption of radicals promoted the
reaction of Fe** and PMS which promoted the transition of Fe**
to Fe** on the catalyst surface. The WMF effect observed in this
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study could be explained with the theory of radical-pair.
Furthermore, the catalytic effect of the system was different
beyond the appropriate magnetic field flux intensity and pH.
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